The flammability of conventional alkyl carbonate electrolytes hinders the integration of large-scale lithium-ion batteries in transportation and grid storage applications. In this study, we have prepared a unique nonflammable electrolyte composed of low molecular weight perfluoropolyethers and bis(trifluoromethane)sulfonimide lithium salt. These electrolytes exhibit thermal stability beyond 200°C and a remarkably high transference number of at least 0.91 (more than double that of conventional electrolytes). Li/LiNi 1/3 Co 1/3 Mn 1/3 O 2 cells made with this electrolyte show good performance in galvanostatic cycling, confirming their potential as rechargeable lithium batteries with enhanced safety and longevity.
fluorinated polymers | nonflammable electrolytes L arge-scale rechargeable batteries are expected to play a key role in today's emerging sustainable energy landscape (1, 2) . State-of-the-art lithium (Li) batteries not only are used to power zero-emission electric vehicles, but they currently are gaining traction as backup power in aircraft and smart grid applications (3, 4) . The electrolyte used in these batteries, however, hinders their use in large-scale applications: it contains a flammable mixture of alkyl carbonate solvents that frequently leads to safety issues. Dimethyl carbonate (DMC), an important component in commercial Li-ion battery electrolytes, has an HMIS (Hazardous Materials Identification System) flammability rating of 3 on a scale of 0-4, indicating a high risk of ignition under most operating conditions. The intrinsic instability of carbonate-based solvents worsens at higher temperatures, at which exothermic electrolyte breakdown often leads to thermal runaway (5, 6) , resulting in catastrophic failure of the battery. Although this failure rate stands at about one in ten million systems, it is intolerable for large-scale applications in which cost and user safety might be heavily compromised. This necessitates the development of radically new electrolytes with improved safety.
Desirable electrolyte properties include a large window of phase stability (no vaporization or crystallization), complete nonflammability, a wide electrochemical stability window, and suitable ionic transport for the targeted application. There are many approaches to synthesizing materials with these properties, e.g., ionic liquids (7, 8) , gel-polymer matrices (9, 10) , and small molecule additives (11) (12) (13) . Systems using poly(ethylene oxide) (PEO) also are well studied (14, 15) . PEO can solvate high concentrations of lithium salts and is considered nonflammable. Unfortunately, practical conductivity often is limited within a high temperature range (14) , and it is well known that in these systems, the motion of the Li ion carries only a small fraction of the overall current (also known as the Li-ion transference number, t + ). PEO-based electrolytes typically exhibit t + values between 0.1 and 0.5 (16) (17) (18) (19) (20) , leading to strong salt concentration gradients across the electrolytes that limit power density. Recently, we reported the surprising miscibility of PEO with its perfluorinated analog, known as perfluoropolyethers (PFPEs) (21) . Building upon this work, we found that various lithium salts were soluble not only in blends of PEO and PFPEs, but also directly in pure PFPEs.
Herein, we report the synthesis and characterization of a class of nonflammable liquid electrolytes for lithium batteries based on neat functionalized PFPEs. PFPEs are a class of fluoropolymers that remain as liquids over a large temperature range [glass transition temperatures (T g ) <−80°C], exhibit low toxicity, and are extremely chemically resistant (22) . Our approach was to use PFPEs as an intrinsically fireproof platform that can be chemically tailored to achieve the desired conductive properties for Li-ion batteries. We found that functionalized PFPEs can solvate the well-known bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and conduct Li ions with a high transference number close to unity. We demonstrate successful cycling of Li/ LiNi 1/3 Co 1/3 Mn 1/3 O 2 (LiNMC) cells with a PFPE/LiTFSI electrolyte, confirming the viability of using this material toward the development of inherently safe batteries.
Results and Discussion
Hydroxy-terminated PFPEs (PFPE-diols) with nominal molecular weights of 1,000, 1,400, 2,000, and 4,000 g/mol were purchased from Solvay. In addition to studying these materials, we modified the terminal groups of PFPE chains to more closely resemble chemistries that have been used successfully in batteries, thereby increasing compatibility with current battery systems. A one-step reaction with these oligomers and methyl chloroformate in the presence of triethylamine in 1,1,1,3,3-pentafluorobutane
Significance
This research article describes a unique class of nonflammable electrolytes for lithium-ion batteries that are based on functionalized perfluoropolyethers (PFPEs). It demonstrates that PFPEs may be used as a major component in operating batteries. These electrolytes not only are completely nonflammable, but they also exhibit unprecedented high transference numbers and low electrochemical polarization, indicative of longer battery life. The results in this work may represent a significant step toward a lithium-ion battery with improved safety and pave the way for the development of new electrolytes that can address the persisting challenges of current battery technologies. resulted in the formation of methyl carbonate-terminated PFPEs (PFPE-DMCs) (Fig. 1A) . The PFPEs studied are listed in Fig. 1B , along with the corresponding degrees of polymerization (DPs) (SI Appendix) and T g s. PFPE-diols exhibit higher T g s than their PFPE-DMC counterparts, owing to increased intermolecular attractions between chains caused by hydrogen bonding. The flammability of electrolytes was evaluated based on their thermal stability, fire sustainability, and flash point. Fig. 2A shows the thermogravimetric (TG) curves of PFPE 1000 -diol and PFPE 1000 -DMC compared with pure DMC, its small molecule analog. DMC, a volatile liquid, experiences 5% weight loss at 34°C (denoted as T d ), and 100% of the material was vaporized or degraded in the vicinity of 80°C. In addition, DMC has a flash point below ambient temperatures (23) and can easily be ignited and sustain fire ( Fig. 2B ), posing both flammability and overpressurization hazards in lithium batteries. In contrast, PFPE 1000 -diol and PFPE 1000 -DMC demonstrate neither volatility nor thermal degradation below 200°C; T d values measured for these materials are 210°C and 212°C, respectively. Flash points also could not be detected for PFPE 1000 -diol and PFPE 1000 -DMC in our experimental window (25-200°C) , and they could not be ignited. Although the flash point of conventional lithium battery electrolytes (1:1 ethylene carbonate/DMC by volume) is 24°C (24) , slightly higher than that of DMC, the nonflammability and thermal stability of PFPEs nevertheless are more ideal, and can improve the safety of Li-ion batteries significantly.
Inductively coupled plasma mass spectrometry (ICPMS) was used to determine the solubility limit of LiTFSI in the PFPE electrolyte. Above this limit, salt precipitation occurs, leading to heterogeneous opaque mixtures (SI Appendix, Fig. S1 ). In Fig.  3A , we plot the maximum salt concentration in terms of molarity and r max , where r is defined as the molar ratio of Li + ions to perfluoroalkylene oxide moieties in the chain, versus the nominal PFPE molecular weight. The relationship between both molarity and r max and molecular weight for both PFPE-diols and PFPEDMCs shows an exponential decay of LiTFSI loading as molecular weight increases. However, when salt concentration is normalized by the concentration of terminal groups and plotted as R max , defined as the molar ratio of Li + ions to hydroxyl and methyl carbonate moieties (Fig. 3A, Inset) , the maximum concentration is nearly independent of molecular weight. This analysis shows that the carbonate functionalization allows for nearly double the maximum salt loading relative to PFPE-diols, presumably because carbonate moieties interact more favorably with Li + than hydroxyl groups. To confirm our claim, IR spectroscopy was used to study the interactions between LiTFSI and PFPE polymers. Fig. 3B shows IR spectra of PFPE 1000 -DMC blends with LiTFSI at various concentrations, compared with pure LiTFSI and PFPE 1000 -DMC. A shift in the C = O signal at 1,770 cm −1 to lower wavelengths is observed as the LiTFSI concentration increases. The peak shifts systematically with increasing salt concentration and is at ∼1,750 cm −1 when r = 0.08. This observation is attributed to interactions between the carbonate moieties and Li + . In contrast, the addition of LiTFSI to PFPE 1000 -diol has no discernible effect on the measured IR spectra (SI Appendix, Fig. S2 ). Although overlap of the signals from PFPE 1000 -DMC and LiTFSI precludes the observation of LiTFSI peak shifts in this region as the salt is being solvated, the decreased intensities at 1,350 cm −1 in PFPE 1000 -DMC/LiTFSI blends is consistent with the presence of dissociated Li + and TFSI − ions (25) (26) (27) . Ionic conductivities of various PFPE-diol and PFPE-DMC mixtures with LiTFSI at 30°C, measured via ac impedance spectroscopy, are shown in Fig. 4 . By plotting the conductivities as a function of normalized concentration r, we show that although end group composition heavily affects LiTFSI solvation, it does not influence ionic conduction significantly. All electrolytes appear to demonstrate a logarithmic dependence of conductivity on r that plateaus near r = 0.08. Analogous trends have been reported for structurally similar PEO electrolytes (28) . In PEO systems, Liion transport is dictated predominantly by ion-chain interactions localized on the oligomer backbone, and the conductivity reaches a maximum at an LiTFSI concentration of around r = 0.085 (28, 29) . It is important to note, however, that the conductivities of the PFPE systems tested are limited by their maximum salt loading, and no maximum in conductivity is observed. Thus, PFPE 1000 -DMC, which can solvate the highest salt loading, is the most promising electrolyte among those tested, reaching a conductivity of 2.5 × 10 −5 S·cm −1 at 30°C. These conductivity values are significantly lower than that of conventional carbonate electrolytes (10 −3 S/cm) but are comparable to that of PEO-based electrolytes at room temperature (4) .
A more complete electrochemical characterization was performed on PFPE 1000 -DMC at r = 0.04. Fig. 4B illustrates the temperature-dependent conductivity behavior of this electrolyte. We found that conductivity increases with increasing temperature, as is typical of macromolecular electrolytes. The VogelTamman-Fulcher (VTF) equation, which typically is used to describe the dependence of viscosity on temperature near its T g , also is used often to describe the temperature dependence of conductivity. It is expressed as
where σ is the ionic conductivity, A is a constant proportional to the number of charge carriers, B is equivalent to the activation energy for ion motion, R is the gas constant, T is the experimental temperature, and T 0 is an empirical reference temperature (30) . It is clear from Fig. 4B that the conductivity of PFPE 1000 -DMC is a weak function of temperature with B = 0.47 kJ·mol
(for a complete table of calculated VTF parameters, see SI Appendix, Table S1 ). This indicates a very low activation barrier for ion conduction. In fact, the measured conductivity at 120°C is within a factor of 3 of that at 30°C. The modest increase in conductivity with temperature and its thermal stability reduce the risk of detrimental side reactions that often are exothermic and lead to thermal runaway in conventional liquid Li-ion batteries. In simple conductors with only one charged species, one observes Ohm's law in the limit of small dc potentials. The presence of two ions in electrolytes, however, generally results in large deviations from Ohm's law as the result of concentration polarization. To our surprise, we found that PFPE 1000 -DMC/ LiTFSI electrolytes at r = 0.04 exhibited behavior that was very close to that of a simple conductor. The electrolyte was sandwiched between two Li foil electrodes, and a steady potential of 0.02 V was applied for about 45 h at 38.8°C. The electrolyte resistance (including both bulk and interfacial contributions) was measured at various times during the experiment by ac impedance. The measured resistance after 6 h was 2,061.4 Ω/cm 2 and the measured current density, i m , was 8.84 × 10
. The expected current based on Ohm's law, i o , is 9.70 × 10 −6 A·cm −2 , i.e., i m /i o = 0.91. This implies that most of the current in our electrolyte is carried by the cation, i.e., the Li + transference number, t + , a transport property that has a dramatic effect on battery performance, is in the vicinity of unity. Two approximate approaches were used to determine the transference number (SI Appendix, Figs. S3-S5 ). Both methods yield t + values between 0.91 and 1.0 in the temperature range of interest. To our knowledge, this is among the highest t + values reported for solutions containing lithium salts, and one of the few near-unity t + electrolytes with conductivities above 10 −6 S/cm at room temperature. To establish the validity of our approaches for measuring t + , we repeated our procedure using LiTFSI/polystyrene-PEO block copolymer electrolytes (where Li + is contained exclusively within the PEO block). The t + value of this electrolyte was about 0.12 (SI Appendix, Fig. S6 ), consistent with literature reports that t + values for LiTFSI/PEO electrolytes are between 0.1 and 0.3 (31, 32) . In the future, we will use more rigorous approaches to measure t + (33) . Although the relatively low conductivity of PFPE electrolytes may hinder power capacities, the near-unity transference number may mitigate some of these shortcomings: theoretical calculations show that materials with high t + values exhibit better battery performance than those possessing greater conductivity but a lower t + (34). The absence of polarization also reduces the risk of lithium plating and dendrite formation (31, 35) . The Li-ion transference number of conventional carbonate electrolytes usually ranges between 0.1 and 0.5 (16); concomitant salt concentration gradients across the electrolyte limit battery life and power density. These t + values mainly are the result of strong interactions between oxygen atoms in the solvent molecules and lithium cations. We propose two possible reasons for our observation of a high transference number: (i) fluorine-containing functional groups on the PFPE backbone interact strongly with the fluorinated anion and reduce its mobility, and (ii) the delocalization of electron density caused by the fluorine moieties reduces the nucleophilicity of the oxygen atoms in the electrolyte, leading to their decreased binding strength to Li + , facilitating cation transport across the medium. It is evident that both the PFPE main chain and the functional end groups play important roles in ion transport; conductivity at a given value of salt concentration is similar for widely different PFPE electrolytes (Fig.  4A) , whereas salt solubility limits depend mainly on end group type and concentration (Fig. 3, Inset) .
To investigate the viability of using PFPE electrolytes in lithium batteries, standard coin cell batteries were built using PFPE 1000 -DMC at r = 0.04 as the electrolyte. Through cyclic voltammetry, we found that PFPE 1000 -DMC is electrochemically stable up to 4.3 V (SI Appendix, Fig. S7) , allowing for the use of high-voltage cathode materials, such as LiNMC. Lithium metal and LiNMC therefore were chosen as the anode and cathode, respectively. Cycling tests were performed at 30°C at different charge rates (described as C/n, where n is the number of hours allotted to a full discharge of the theoretical cathode capacity "C"). Fig. 5A shows the typical discharge profiles of an Li/ (PFPE 1000 -DMC/LiTFSI)/LiNMC battery at C/20, C/15, C/10, and C/8. Capacities of 145, 140, 120, and 105 mA·h·g −1 were obtained at these respective rates. At C/10, the capacity of the same half-cell described in Fig. 5 replaced by a conventional carbonate-based electrolyte is 150 mA·h·g −1 (SI Appendix, Fig.  S8 ). The results of successive cycling results at different C-rates (average behavior of four cells) are shown in Fig. 5B . The stable charge and discharge capacities for each C-rate indicate good compatibility between the PFPE and typical Li-ion battery cathode electrodes. Batteries that can be charged and discharged on the time scale of 8 h are immediately relevant to backing up solar panels. Therefore, further studies related to improving and optimizing electrolyte conductivity, rate capability, and testing battery performance under nonstandard temperature conditions are under investigation.
Conclusion
We have successfully demonstrated the use of PFPEs as a platform for the development of intrinsically safe lithium battery electrolytes. Designing electrolytes that solvate the fluorinated anion represents a radical departure from the established approach that is focused on solvating the lithium cation. By developing PFPE-DMC, we have incorporated compatibility with lithium salts in an inherently nonflammable material. The resulting electrolytes exhibit reasonable conductivity and unprecedented transference numbers. Their compatibility with standard battery electrodes provides the opportunity for seamless integration into current manufacturing infrastructure. Although much work remains to be done, we believe this work represents a significant step toward safer, high-energy lithium batteries and opens the door for the development of new electrolytes that can be tailored to address the persistent challenges of lithium-ion technologies.
Methods
Synthesis of PFPE-DMC. Fluorolink D10 and triethylamine were dissolved in 1,1,1,3,3-pentafluorobutane at 0°C under stirring conditions and nitrogen atmosphere. A solution of methyl chloroformate dissolved in 1,1,1,3,3-pentafluorobutane then was added dropwise, after which the mixture was heated to 25°C and stirred for 12 h. The resulting mixture was filtered under vacuum and washed with water three times and brine two times. The combined organic layers were dried over magnesium sulfate and filtered, Characterization of Electrolytes. All materials were dried in argon glove boxes with oxygen and water at sub-ppm levels for 24 h. Afterward, LiTFSI was added directly to PFPE samples and stirred at room temperature overnight. Li + concentration in PFPE electrolyte was determined using ICPMS after excess nonsolvated LiTFSI was removed through centrifugation. Thermogravimetric analysis (TGA) was performed using a PerkinElmer Pyris 1 TGA apparatus. A scan was made under nitrogen atmosphere from 20-600°C with a heating rate of 10°C/min. T g , crystallization (T c ), and melting temperatures (T m ) were measured using a differential scanning calorimeter (DSC) (DSC Q 200; TA Instruments) in air using the method of heat/cool/heat at a heating and cooling rate of 10°C/min and 5°C/min, respectively, over a temperature range of −150°C to 100°C. The T g was determined using the midpoint method on the second heating cycle thermogram. The T c and T m were determined as the peak maximum and minimum of the cooling and heating cycle, respectively. Sustained burning characteristics and flash point data were determined using a Rapid Flash Tester in accordance with American Society for Testing and Materials (ASTM) D4206 and ASTM D3278, respectively. IR spectroscopy was done using a Bruker ALPHA FT-IR instrument (from 500 to 4,000 cm −1 at a resolution of 4 cm −1 ). Conductivity and cyclic voltammetry measurements were made via a 16-channel Bio-Logic VMP3 potentiostat. Cyclic voltammetry was conducted in Li metal/electrolyte/stainless steel standard coin cells. Conductivity measurements were obtained using a procedure similar to that previously reported by Teran et al. (36) . Alternatively, conductivity may be calculated by impedance measurement of symmetric Li/Li cells. The ionic conductivity values reported for the symmetric lithium cells were calculated by normalizing the measured resistance by the volume of electrolyte in the porous separator: σ = L RAe where L, R, A, and e are the length, resistance, cross-sectional area, and porosity of the separator, respectively.
Electrochemical Coin Cell Testing. Slurries containing 85.0 wt% lithium nickel manganese cobalt oxide (NMC), 7.0 wt% acetylene black, and 8.0 wt% polyvinylidene fluoride dispersed in N-methyl-2-pyrrolidone solvent were prepared. NMC laminates were prepared by casting the slurries onto aluminum foil by the doctor blade method. The laminates subsequently were punched into 14.3-mm diameter disks and dried completely before electrochemical studies. Active material loading is, on average, 1.9 mg/cm 2 . Coin cells were assembled in standard 2325 coin cell hardware. Lithium foil was used as anode material, and NMC was used as active material in the cathode. Celgard 2500, punched into circles with a diameter of 20.6 mm, served as physical separators. The entire procedure was performed in an argon-filled glove box. Cell testing was conducted on a Maccor Battery Cycler connected to a Thermotron Environmental Chamber set at 30°C. The batteries were cycled between 2.8 and 4.3 V with equivalent charge and discharge rates. Four formation cycles were performed at C/20 before the cycling rates were increased to C/15, C/10, and C/8, respectively.
